Introduction
Rheumatoid arthritis (RA) is the most common chronic, progressive inflammatory systemic autoimmune disease. Synovial inflammation and effusion lead to destruction of articular cartilage and joint erosion. Patients' ability to perform daily activities can be seriously affected by joint destruction.
The overall prevalence of inflammatory arthritis is estimated at 3.4 % for the German population. The lifetime prevalence of RA is 2.5 % in Germany. RA is more common in women (3.2 %) than in men (1.9 %) [1] . RA is associated with high societal costs due to work disability. Societal cost is highest for early onset of RA in a patient's lifetime [2] . Each year, 17 % of RA patients undergo hospitalization [3] . RA is a painful disease with a high prevalence and a high economic burden for patients, their families and society.
The therapy of RA aims at early disease control and induction of sustained remission. Successful treatment is reflected by sustained quality of life and ability to work. Quality-adjusted life years (QALYs) are an important instrument to reflect the success of therapies in chronic diseases like RA. Further, inclusion of indirect costs, which are caused by early retirement and absence from work, is important to include in cost-effectiveness analyses.
Germany is the most important market for biological agents in the European Union. While only 2 % of RA patients were treated with TNF-α inhibitors in 2000, the popularity of TNF-α inhibitors rose to 20 % in 2008 [4] . Adalimumab (ADA) was the bestselling drug in the German statutory health insurance (SHI) system with € 581 mn net expenditure in 2012 [5] . Despite its economic relevance, cost-effectiveness of ADA treatment for RA has not been analyzed for the German SHI system.
For international comparability, we deviate from German Institute for Quality and Efficiency in Health Care's (IQWIG) efficiency frontier method [6] . We aim to analyze the cost-effectiveness of ADA treatment for RA in terms of cost per additional QALY gained. As results of cost-utility analyses from other countries vary widely, we aim to identify the main determinants of cost-effectiveness of ADA for the German context using a modeling approach.
Model and methods
Our cost-effectiveness analysis is based on a probabilistic lifetime model, which incorporates direct and indirect costs of RA and its treatment. We set up an individual patient sampling model to simulate 10,000 hypothetical patients in the German SHI system with a cycle length of 6 months.
Baseline patient characteristics include a mean age of 54 years (σ = 12) and an average health assessment questionnaire (HAQ) score of 1.6 (σ = 0.6). Of the total, 78 % of the hypothetical patients are female. Initial age, gender and functional status correspond to patient characteristics as enrolled in the biological arm of the German biologics register RABBIT [7] .
When patients start a treatment, they can achieve one of three responses according to American College of Rheumatology (ACR) criteria or fail the therapy. Effectiveness data for each possible therapy is extracted from IQWIG's extensive literature review, which reflects IQWIG's requirements for effectiveness analysis in Germany [8] . All reported trials were screened for ACR response rates. For consistency, only response rates reported after 6 months of therapy were included. All treatments and their characteristics are summarized in . Table 1 .
We assume each treatment in the treatment algorithm is tested for at least one period of six months, which is common in German clinical practice. If no ACR response is achieved, the patient is switched to the next treatment in the following cycle, as shown in . Fig. 1 . If ACR response can be achieved, we assume that each response (ACR20, ACR50 or ACR70) is associated with an initial improvement in HAQ status. We assume patients maintain their improved status throughout the course of a specific therapy.
In each cycle, treatment might be discontinued due to loss of efficacy or adverse events. We model treatment discontinuation with a Weibull distribution. Data found in the German biologicals register was not sufficient to model beyond a 6-month horizon [9] . Previously published data for Great Britain was used instead [10] . As previously suggested, functional status rebounds and patients go back to their initial functional status after failure of the therapy [11] . After failure of the last therapy in the treatment algorithm, patients are moved to a maintenance dose of MTX until the end of the overall simulation time or death. In each cycle, quality of life is compared to hypothetical natural progression and incremental QALYs are recorded. The patient's HAQ score is converted to quality of life using the EQ5D questionnaire. The EQ5D's validity and reliability for RA has been described in [12] . HAQ scores are converted to EQ5D according to [13] : 
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Adalimumab · Rheumatoide Arthritis · KostenNutzen-Bewertung · Qualitätskorrigiertes Lebensjahr · Deutschland specific. If the simulation results in a patient's death during a specific modeling period, both costs and QALYs gained are logged and the next of the 10,000 patients is sampled. No influence of HAQ score is assumed on the mortality risk [14] .
As suggested by German guidelines, all patients receive MTX monotherapy as first-line therapy [15] . As required for reimbursement of biological agents, patients are first switched to another conventional synthetic disease-modifying antirheumatic drug (csDMARD) therapy if MTX monotherapy fails. All patients are switched to O'Dell's conventional synthetic triple therapy (MTX, sulfasalazine, hydroxychloroquine) after failure of first-line MTX monotherapy [16] . If triple therapy fails, patients are switched to ADA and MTX combination therapy in the biological arm or to a MTX maintenance dose in the conventional arm. No comparison to other biological agents is conducted. The model setup makes sure that all changes in effectiveness and costs can be attributed to the addition of ADA combination therapy to the treatment algorithm.
Direct cost calculations include drug costs according to the Red List 2012 and out-patient treatment costs (administration costs and screening costs before initiation of the therapy) according to German SHI out-patient payment conditions (Einheitlicher Bewertungsmassstab, EBM), as shown in . Table 2 
and 3.
We extend cost computations to reflect a societal perspective. Indirect cost data according to the human capital approach is based on previously published data by the German Rheumatism Research Centre Berlin reflecting productivity losses P a t i e n t a g e ≥ 6 5 ----- [17, 18] . As described in detail in [17] , indirect costs reflect productivity losses due to patients' sick-leave days and permanent work disability, i. e. early retirements. Costs for sick leaves comprise the number of days of absence, which could be attributed to patients' RA. Costs for a sick day are assumed to be equivalent to an average daily wage in Germany. Indirect costs are applied according to functional status and age, as described in [18] . All costs are discounted or inflated at an annual rate of 3 % to 2012 level, as required by IQWIG [19] . As the available published data uses the German Hannover Functional Ability Questionnaire (FFbH) rather than HAQ, the cutoff values for the functional status classes were converted to HAQ by linear transformation according to [20] :
Results
In the base case, patients treated with conventional synthetic therapy, on average, gain 7. Table 6 provides a summary of the clinical pathways. While no ICUR threshold has been defined for Germany, € 60,000 per QALY gained is a value that is known to be accepted for treatments by the SHI funds in Germany. This value has been suggested for cost-utility analysis of biological agents in Germany [21] . The ICUR for the base-case is well below this threshold 
Sensitivity analysis
Results of cost-effectiveness analyses for biological agents vary greatly, to some extent due to different assumptions in the underlying models. We analyze the impact of various changes in our model parameters. For international comparison, all results of the sensitivity analysis are reported with VAT/rebate-adjusted results in brackets.
We test the impact of changes in patient characteristics. We alter baseline age to 30 years, 40 years and 60 years. We alter initial HAQ score to 1.0, 2.0 and 2.5. We further change the discount rate of all costs to 0 % and to 6 %. Additionally, we introduce a 3 % discount rate for QALYs gained as suggested in [22] . We limit the modeling period to 5 years and to 10 years instead of the base case's lifetime perspective. All results are summarized in . Table 7 .
The biggest increase in ICURs can be seen by limiting the simulation period. If the maximum simulation period is limited to 10 years, ICURs double. The effect is even bigger for a limit of 5 years. Total costs rise with baseline HAQ. Fewer QALYs are gained and patients remain in a bad functional state, which prevents them from working. ICURs were slightly worse for a baseline HAQ of 1.0 instead of the base case's 1.6, perhaps indicating that patients with a HAQ score of 1.0 cannot benefit as much from biological therapy as patients with a HAQ score between 1.0 and 2.0.
If quality of life is not calculated by conversion of HAQ scores to EQ5D but by a different questionnaire, the HUI-3 as proposed in [23] , ICURs rise.
ICURs rise and fall with direct costs and even more so if ICURs are based on total costs. If indirect costs rise, the ICUR for ADA combination therapy falls and vice versa. This explains why ICURs in Germany are fairly low despite high list prices for ADA. In lower-income countries like Colombia, the ICUR for biological therapy has been reported to be € 137,723 due to much lower indirect costs [24] .
. Fig. 2 shows the cost-effectiveness acceptability curve (CEAC) for the base case. The CEAC is an important decision tool for the regulator to measure the uncertainty associated with accepting ADA therapy at a specific ICUR threshold [25] . Even for the most restrictive threshold, Cost-effectiveness acceptability curve for the base case scenario.The curve shows the percentage of simulated patients, whose treatment with adalimumab combination therapy would fulfill a specific incremental cost-utility ratio (ICUR), which the regulator can define
i. e. € 0.00 per additional QALY gained, the treatment of more than 30 % of the simulated population would be cost-effective. Our sensitivity analysis helps to identify patient subgroups that belong to the 30 % of cost-effectively treated patients. The sensitivity analysis suggests young patients can be treated most cost-effectively, because their direct cost increases are overcompensated by indirect cost savings.
The individual sampling approach shows that ADA therapy will not meet the threshold for 35 % of patients even if the threshold is set is as high as € 100,000, i. e. some patients might incur high costs under ADA therapy without benefiting from the therapy in a way that would be considered cost-effective.
Discussion and conclusions
Despite ADA's clinical and economic relevance over the last years, our study is the first one to assess its cost-effectiveness for the German SHI system. We could only identify one previously published cost-effectiveness analysis for a TNF-α inhibitor for RA in Germany [18] . Cost per QALY gained is estimated at € 38,700 Euro for etanercept combination therapy. The study was conducted on a 10-year time horizon, including indirect costs. Other studies analyzed second-line biologic agents after the failure of a TNF-α inhibitor [26, 27] . Only one reported incremental cost-per-QALY ratios. Adding rituximab to the treatment algorithm after failure of etanercept resulted in an ICUR of € 24,517 for direct costs only. The ICUR was only € 15,565 if indirect costs were included [27] .
The results of our analysis suggest that ADA is a cost-effective biological agent, which is beneficial to the patient and society as a whole, when used after the failure of conventional therapy. Multiple factors contribute to ADA's cost-effectiveness in Germany. Clinical evidence shows ADA's superior effectiveness after failure of MTX when used as a combination therapy [28] . Our model reflects this finding with higher QALY gains in the biological arm. ADA's effectiveness often prevents long-term loss of work capacity, when the patient is at high risk after the failure of csDMARDs. This is further emphasized by the finding that ADA becomes more cost-effective for younger populations, i. e. populations who have more time left until retirement. In addition to population age, derivation of quality of life from functional status and discounting of future QALYs gained are decisive factors for the cost-effectiveness of ADA combination therapy. This should be kept in mind when designing cost-effectiveness models for biological treatments for RA.
Even if only direct costs are considered, the ICUR found in our analysis for ADA combination therapy (€ 24,492) compares favorably to results found for Sweden (€ 34,922), Great Britain (£ 34,300) and China ($ 57,926) [23, 29, 30] . However, international comparison of results remains difficult due to differences in methodology, even though the same measure of cost-effectiveness is used, i. e. cost per additional QALY gained.
Our analysis has shown that ADA combination therapy is cost-effective by all known standards for the German SHI system. Cost-effectiveness is heavily influenced by indirect costs because of RA's influence on the patients' ability to work. For a very young population (baseline age 30), direct costs incurred by biological treatment are overcompensated by indirect cost savings at a higher quality of life for the patient.
Due to the lack of head-to-head comparisons of biological agents, further modeling approaches are needed to compare the cost-effectiveness of different biological agents for the German market. Further opportunities might arise by earlier use of biological agents before the failure of multiple conventional ther-apies. If a window of opportunity exists in early RA, use of biological agents as first-line therapy could be cost-effective in the long-term, especially for a young population. 
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